Obstructive sleep apnea is a common disorder with important sequelae. [1] [2] [3] [4] [5] [6] [7] Aging substantially increases the risk of obstructive apnea, [8] [9] [10] [11] although the mechanisms underlying this predisposition remain unclear. 8, [12] [13] [14] [15] Most current evidence suggests that obstructive apnea results from an interaction of the anatomy of the upper airway with the control of pharyngeal dilator muscles. 4 Afflicted patients have compromised pharyngeal anatomy with reduced airway lumen. [16] [17] [18] [19] 20 Through reflex mechanisms that drive activation of dilator muscles, pharyngeal patency is well maintained during wakefulness. [21] [22] [23] However, these protective reflexes are diminished during sleep, thereby leading to collapse of the pharyngeal airway in anatomically predisposed people. 24 Thus, aging could predispose to apnea via changes in pharyngeal anatomy and biomechanics or via deterioration in the function of pharyngeal dilator muscles. [25] [26] [27] [28] [29] [30] [31] By combining magnetic resonance imaging techniques with pharyngeal physiological assessments, we sought to determine the structural and functional basis for the increased propensity for airway collapse among older persons. We included normal and near-normal controls to avoid the confounding influences of repetitive pharyngeal collapse as might occur with sleep apnea.
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METHODS

Subjects
Eighteen men and 20 women across a range of ages were enrolled (Table) . The subjects were recruited using e-mail announcements and posters and through the Harvard Cooperative on Aging. Although some of our subjects had participated in prior studies, none of the aging-related findings of the present study have been previously reported. The women under 50 were premenopausal based on regular menstrual cycles, whereas women over age 50 were postmenopausal for at least 2 years. All were free from comorbid conditions, including snoring and were taking no medications, based on a thorough history and physical examination by a pulmonary specialist. All provided informed consent for the protocol, which was approved by the Brigham and Women's Hospital Human Subjects' Committee.
Equipment and Procedures
Overnight Polysomnography. Patients were monitored for a minimum of 7 hours of sleep by electroencephalography, electromyography, electrooculography, nasal pressure, nasal and oral airflow by thermister, chest and abdominal wall motion using piezo electrodes, electrocardiography, anterior tibialis electromyography, and arterial oxygen saturation using standard methods. Apneas and hypopneas were scored by a blinded registered polysomnographic technician using established criteria. [32] [33] [34] [35] Although 5 respiratory events per hour is traditionally considered normal, we prespecified a cutoff of 15 events per hour because the use of nasal pressure tends to increase the number of events scored, even in otherwise normal persons.
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Magnetic Resonance Imaging. All images were obtained with a 1.5 Tesla Magnetic Resonance Scanner (Signa Advantage; General Electric, Milwaukee, Wis). Sequential T1-weighted axial, sagittal, and coronal images were obtained in subjects while supine, with the head secured in the neutral anatomic Frankfort position. Using established techniques, 20, 37 we quantified the soft palate area, soft palate length, pharyngeal length (hard palate to epiglottis), tongue height, tongue width, and tongue area from the sagittal anatomy (Figure 1) . From the minimal axial airway image (Figure 2 ), we examined airway cross-sectional area and dimensions, lateral pharyngeal wall thickness, intramandibular width, thickness of the pharyngeal fat pads, skeletal anteroposterior (mandible to vertebrae) and lateral (intramandibular) distances, as well as skeletal area. From the remaining axial images, volumetric analyses were performed to calculate the pharyngeal airway volume and the skeletal volume between the mandible and vertebrae. The images were transferred to a UNIX-based SUN Station where they were processed, analyzed, and interpreted. Edge detection algorithms using simple thresholding were used to avoid subjective bias in measurement.
Upper Airway Physiology. The necessary equipment was used to monitor the following variables: intramuscular genioglossal electromyogram; nasal, pharyngeal and supraglottic resistance; and airway collapsibility. Each subject was fitted with a sealed nasal mask attached to a Fleisch pneumotachometer (measure airflow, OEM Medical, Richmond, Va), a Validyne mask pressure transducer (Validyne Engineering, Northridge, Calif), Millar pressure catheters (Millar Instruments, Inc., Houston, Tex) inserted intranasally to choanae and epiglottis (to measure the pressures at the top and bottom of the pharyngeal airway, respectively), and wire electrodes inserted into the genioglossus muscle. Genioglossus activity was quantified as a percent of maximum activity as generated by swallowing, maximum inspiratory pressure, or protrusion of the tongue. With this instrumentation in place, we assessed the mechanics of the pharyngeal airway, including the basal activity of the genioglossus muscle and its responsiveness to standard stimuli using negative pressure pulses. We recorded basal tidal breathing while the patient was awake to define genioglossal electromyogram tonic (baseline activity), phasic (increase in activity with each inspiration), and peak phasic activity (maximum activity during inspiration) and pharyngeal resistance at peak flow and at a flow of 0.2 liters per minute (ie, early inspiration). We recorded negative pressure stimulation (rapid pulse of negative pressure via nasal mask), which was measured after two sets of 35 pulses per set of negative pressure pulses delivered to achieve a choanal pressure of Ϫ10 cmH 2 O (defined as low negative pressure) and Ϫ15 cmH 2 O (defined as high negative pressure). The data were then signal averaged to assess the magnitude of the electromyographic response. Reflex responsiveness was quantified as the absolute increase in genioglossus electromyogram as a percentage of maximum activity and as the percentage increase in genioglossus electromyogram.
All measurements and techniques were performed using reported methods.
20,38
Protocol
Each subject underwent polysomnography, imaging, and physiology on separate days within 1 week of each other. Premenopausal women were studied in the follicular phase of the menstrual cycle.
Statistics
For aging effects, Pearson correlation coefficients were determined between age and normally distributed variables, and Spearman correlation coefficients were used for non-normally distributed variables. We performed 2-way analysis of variance to assess the effect of aging, the effect of sex, and their potential interaction (SigmaStat, SPSS Inc., Chicago, Ill). A value of P Ͻ.05 was used as the threshold for statistical significance.
RESULTS
We obtained full data sets in all 38 subjects (Table) . There was a significant age-related decrease in the genioglossus response to negative pressure (R ϭ Ϫ0.55; P Ͻ.005; Figure  3 ). This age-related decrease was statistically significant in men (R ϭ Ϫ0.59, P ϭ .008), and not quite significant in women (R ϭ Ϫ0.35, P ϭ .11; Table) , but there were no significant differences in the effect of aging based on sex. No other important differences in upper airway physiology were observed as a function of aging (Table) .
The bony shape (anteroposterior/lateral) surrounding the pharynx changed significantly with increasing age. The ratio of the anteroposterior to lateral dimension became progressively lower with increasing age (R ϭ Ϫ0.51; P Ͻ.001), indicating a progressively more lateral skeleton around the airway. Soft palate length also increased progressively with aging (R ϭ 0.48; P Ͻ.001, with the increase with age in women significantly more than the increase with age in men.
The length of the pharyngeal airway (the region susceptible to collapse; ie, hard palate to epiglottis) did not change significantly with aging overall (R ϭ 0.27, P ϭ .11; Table) . However, a longer pharyngeal airway was seen with aging
CLINICAL SIGNIFICANCE
• Sleep apnea in the elderly has attributable effects on brain function and associated risk of cardiovascular diseases including stroke.
• Our studies demonstrate impairments in protective pharyngeal reflexes with normal aging. These impairments may be important in predisposing older individuals to upper airway collapse.
• With aging, preferential deposition of fat around the upper airway occurs suggesting changes in fat distribution may compromise airway mechanics, independent of overall body fat.
72 
72.e11
in women, in whom the lengthening with age was significantly greater than in men. The parapharyngeal fat pads significantly increased in size with increasing age, independent of body mass index (Figure 4 ). This finding was true for the thickness of the parapharyngeal fat pads at the level of the minimum pharyngeal lumen (R ϭ 0.69; P Ͻ.001), the area of the parapharyngeal fat pads at the level of the minimum pharyngeal lumen (R ϭ 0.51; P Ͻ.001), and the fat pad volume measured on multiple axial slices (R ϭ 0.30; P Ͻ.05). The age-related increase in fat-pad thickness was significant in both men and women (Table; R ϭ 0.59), with no significant differences by sex after adjusting for age.
DISCUSSION
With aging, there was a significant decrease in the negative pressure reflex, particularly in men; increased deposition of parapharyngeal fat in both sexes; a lengthening of the soft palate, significantly in women; and a change in the bony shape surrounding the pharynx. In both sexes, the parapharyngeal fat pad size increased independent of body mass index. A longer pharyngeal airway was observed in association with aging in women but not in men. Thus, physiological and anatomical differences that could predispose to pharyngeal collapse are demonstrable.
The decrease in the negative pressure reflex associated with aging is consistent with other upper airway reflexes. Previous investigators have shown reduced responses to noxious stimuli in association with increasing age. 39, 40 As the negative pressure reflex allows the upper airway dilator muscles to compensate for a collapsing perturbation, this reflex is a primary mechanism whereby animals and humans maintain pharyngeal patency. 23, 41, 42 The loss of this protective reflex with aging may therefore be a critical mechanism predisposing older persons to pharyngeal collapse.
The increase in parapharyngeal fat with aging is also potentially important. Although obesity is a major risk factor for obstructive apnea, this study suggests that the deposition of fat around the airway occurs independently of age-related changes in body fat. As the deposition of fat around the airway is associated with apnea predisposition, this age-related increase in parapharyngeal fat may be critical in the development of obstructive sleep apnea. The fact that pharyngeal lumen size did not decrease as a function of age is surprising, but may reflect ongoing compensatory reflex mechanisms present during wakefulness.
The increased pharyngeal airway length in older women may also predispose to pharyngeal collapse. Using a twodimensional, finite element computational model of the pharyngeal airway, we have recently demonstrated that pharyngeal airway length importantly influences pharyngeal collapsibility. 20 This model allows for the manipulation of specific anatomical and physiological variables to test their effect on pharyngeal mechanics (see prior publications for specific finite element model parameters). To assess this finding, 20 we have taken an anatomically correct pharynx from a younger woman and manipulated pharyngeal airway length in proportion to our observed experimental differences (younger vs older). The pharyngeal airway of the older woman has a less negative closing pressure (ie, is 
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The American Journal of Medicine, Vol 119, No 1, January 2006 more collapsible) 43 than that of the younger woman, based solely on the observed differences in airway length. Thus, a greater length of the pharyngeal airway in older women may be one variable explaining the increased pharyngeal collapsibility. 20 Our data are consistent with preliminary radiographic cephalometric data suggesting aging effects on pharyngeal length and an associated increased risk of sleep apnea.
The observed changes in bony shape with aging were not anticipated. Although retrognathia has traditionally been considered a congenital feature, an alternative school of thought suggests that chronic pharyngeal dilator muscle activity gradually leads to changes in bony shape, such that the anteroposterior dimension is reduced via remodeling. Lugaresi has reported that retrognathia may be acquired rather than congenital. 44, 45 Longitudinal prospective studies will be required to test whether this effect explains our observations. This study has a number of limitations. First, the sample that we studied included normal controls and persons with minimal obstructive sleep apnea. We chose this sample to minimize the influence of repetitive pharyngeal collapse (seen in severe sleep apnea) on pharyngeal anatomy and physiology. We wanted to assess the effect of aging on normal anatomy and physiology, rather than having our findings confounded by disease. Second, some argue that a study of motor control during wakefulness says little about a disease that occurs during sleep. During sleep, the negative pressure reflex is substantially diminished in all subjects. Thus, comparisons of sleeping persons would be meaningless. Third, this study is cross-sectional in nature. Although our findings are correlative rather than causative, we believe that a more thorough understanding of the pathogenesis of sleep apnea can evolve from these observations. Ultimately, longitudinal studies would be useful to define the natural history of pharyngeal structure and function.
Our observations suggest important mechanisms by which aging may increase the propensity for pharyngeal collapse. New targets for the prevention and treatment of pharyngeal collapse would certainly be welcome. 43 
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Figure 3
The decrease in negative pressure reflex with increasing age for the sample. With increasing age, there was a significant decrease in the genioglossal response to negative intrapharyngeal pressure pulses (R ϭ Ϫ0.55; P Ͻ.001).
Figure 4
The graph shows a significant increase in the size of the fat pads with increasing age, independent of body mass index (R ϭ 0.59; P Ͻ.005).
